INTRODUCTION
Several important features differ the brackish Baltic Sea from other seas in temperate climatic zones. The Baltic is characterized by shallow depth, a strong continental climate (resulting from its inland location), considerable riverine water discharge and finally, restricted water exchange with the oceanic system only through the shallows and narrows of Danish sounds. All these factors make this water area vulnerable to anthropogenic influences. In consequence, during the last century the Baltic has changed from an oligotrophic sea into a eutrophic one (Larsson et al. 1985) . Many negative changes observed today in the ecosystem of the Gulf of Gdańsk are caused by human activities (Sokołowski et al. 1998) . In that part of Southern Baltic, the marine ecosystem is significantly affected by the polluted waters of the Vistula River, which at the mouth of the river become part of the sea. In the last century the Vistula Lagoon and the Gulf of Gdańsk were exposed to strong anthropogenic pressure. Along this stretch of the Polish seashore a big urban agglomeration, Trójmiasto, is located. It is one of the biggest and most important industrial centres in Poland. The consequences of anthropogenic activity, regarded as the dominant controlling factor for riverine inorganic nutrient discharge (Caraco and Cole 1999) , are observed in the bottom zone, where oxygen deficiency, and the presence of hydrogen sulphide as well as the accumulation of trace metals have been recorded (Sokołowski et al. 1998) .
Macoma balthica is one of the most common bivalve species in the Baltic. It predominates with respect to number of individuals as well as biomass in the macrozoobenthos of the Gulf of Gdańsk (Osowiecki 2000) . Due to the mechanism of detoxification of sulphide by oxidation to non-toxic compounds (Jahn et al. 1997 ) and resistance to oxygen deficiency, it can inhabit seriously polluted regions, e.g. the sediments in which H 2 S is permanently present (Janas et al. 2004) . The above features may be evidence of the high tolerance and adaptive capabilities of the clam to unfavourable environmental conditions. The second study species, Mytilus trossulus, is also important for the biocenosis of the Gulf of Gdańsk. Zoobenthos of the Gulf of Gdańsk has been dominated by organisms, which use the suspended and deposited organic matter as a food base. Benthic suspension feeders including suspension-feeding bivalves are often key species and have a major impact in estuarine and coastal habitats (Gili and Coma 1998) . By the end of the 1980's, bivalves constituted 81.6% of the biomass of the Puck Bay biocenosis (Southern Baltic Sea) (Kotwicki 1997) . With the ongoing eutrophication and phytoplankton development (Pliński and Wiktor 1987 ) the biomass of typical and major filter feeder, M. trossulus, has increased (Wiktor 1985) .
Differences in the physiology of Baltic clams and mussels can result from hydrological specificity and divergent ecological conditions at the shallow and deepwater habitats caused by seasonal water stratification (halocline, thermocline). The stratification affects thermal conditions and circulation of Baltic waters as well as oxygenation and H 2 S occurrence in near-bottom waters. There is some relationship between the progress of eutrophication and the presence of hydrogen sulphide resulting from increasing sedimentation of organic matter at the bottom of the sea. Such conditions could have a direct, unfavourable impact on the bottom fauna (Janas and Szaniawska 1995) .
There exist already several papers concerning the condition and reproduction of M. balthica and M. trossulus from the Baltic Sea, e.g. Pekkarinen (1983) ; Wenne and Styczyńska-Jurewicz (1985) ; Wenne (1985) ; Bondsdorff and Wenne (1989) ; Jurga and Wołowicz (1994); and Hummel et al. (2000) .
In the present study the main goal was to estimate the effect of eutrophication on the ecophysiology of M. trossulus and M. balthica from shallow and deep-water zones in the Gulf of Gdańsk through an investigation of weight index and reproduction with respect to seasonal variations of environmental conditions and different depth zones. The results allow one to detect probable physiological differences between deep and shallow water subpopulations of both species.
Materials And Methods

Study area and field sampling
The study was carried out at three stations S (Sopot mole -longitude N 54°27'0", latitude E 18°37'3", 10 meters depth, type of sediment -small grain sand), GN (Navigation buoy -longitude N 54°32'0", latitude E 18°48'0", 38 meters depth, type of sediment -gravel sand) and H (Hel -longitude N 54°35'5", latitude E 18°53'7", 75 meters depth, type of sediment -mud with presence of H 2 S) situated at different depths in the Gulf of Gdańsk (Fig. 1) . The sampling areas were chosen in such a way as to represent as far as possible the shallowest and deepest places of M. balthica and M. trossulus occurrence in the Gulf of Gdańsk.
The specimens of M. balthica and M. trossulus were collected by dredging, from October 2002 to February 2004. Over the same period, temperature and salinity of overlying bottom water were measured. Clams and mussels, about 50 individuals of each, were collected at the sampling stations and immediately transported to the laboratory for further analysis. The total number of individuals analyzed at each station was 385 at station S and 447 at station H for M. balthica and 443 at station S and 497 at station GN for M. trossulus.
Histological examination and gonadic index
Sex and maturation stage of the gonads were determined by microscopic observation of the gonadal tissue (×400 magnification).
Histological examination was based on the 5-grade scale classification adopted by Chipperfield (1953) and Sunila (1981) . The stages of gonad development were described as: immature, developing, ripe, spawning and resting. The gonadic index (GI) was defined as GI=[ ∑ (number of individuals of each sexual stage × numeric value of the stage) / total number of individuals in the sample] and calculated with arbitrary maturity factors: 1=immature; 2=developing; 3=ripe; 4=spawning; 5=resting (Chipperfield 1953) .
Condition index (CI)
The shell length of M. balthica and M. trossulus, each of approximately 30 individuals randomly chosen during every sampling period, was measured to the nearest 0.01 mm with an electronic caliper. To determine dry weight of these individuals, their soft parts were removed from their shells, dried for 48 hours at 55°C and weighed. Condition index (CI) was calculated as follows: 
STDW/L
3 mg cm -3 (where STDW is soft tissue dry weight in milligrams, and L is shell length in centimetres) (Wenne and Styczyńska-Jurewicz 1985) .
Statistical treatment
The sex ratio of the clams was compared to a 1:1 ratio using χ 2 -test. The data were tested to assess the normality of distribution using the Shapiro-Wilk test. To compare two groups of data when their distribution was not parametric, the U Mann-Whitney rank sum test or Kolmogorov-Smirnov test were used. Statistical differences between seasonal variability of condition and gonadic maturity were checked by Kruskal-Wallis non-parametric ANOVA. The correlation was measured by Spearman's R. Statistical and graphical analyses were performed using STATISTICA® software (version 8.0, StatSoft, Inc.) and PC Microsoft ® Office Excel software.
RESULTS
Seasonal variations in temperature and salinity at three sampling stations are shown in Fig. 2a and b. At the shallow station (S), water temperature seemed to follow local meteorological trends with a continuous decrease until January. At the deep stations (GN and H) temperature was generally lower except during the autumn and winter period, which could indicate higher thermal stability of the water and a stronger influence of meteorological conditions on shallow waters resulting in more apparent changes in temperature at station S. The salinity (Fig. 2b.) varied slightly throughout the year over the whole research period; in autumn and winter three significant increases in salinity were observed at station H which is the only one situated on the external side of the Hel Peninsula.
The male to female sex ratio for both of the species differed from 1:1 (χ 2 -test, P<0.05) and male domination in almost every case indicates higher female mortality (Table 1) .
The pattern of the changes in condition index was similar for both species investigated ( Fig. 3 and 4) . The condition index increased gradually through spring to reach the maximum in May and June, then significantly decrease, indicating the completion of gamete release and the beginning of a new gametogenetic cycle. For M. balthica statistically signifcant differences between stations and seasons existed; Kolmogorov -Smirnov test, P<0.001, Oneway ANOVA P<0.001. In the blue mussel population over the whole research period, the specimens from the shallow station were characterized by better condition (Kolmogorov-Smirnov test P<0.001, Oneway ANOVA P<0.001). In both of the species the changes in tissue water content were correlated with the changes in condition index in an inversely proportional manner (Spearman's rho, Fig. 5 ). The percentage of water in soft tissue was the lowest during summer and autumn when the bivalves were in the best condition. Much higher values of water content were noted during the winter. There were no statistically significant differences between gonadal maturity and run of the reproductive cycle in shallow and deep-water subpopulations of M. balthica and M. trossulus (U Mann Whitney test, P>0.05). The major spawning peak for Baltic clams was recorded in June, however, due to the lack of data from March and April, the beginning of spawning time was uncertain. After winter gonadal redevelopment the majority of individuals were again of mature spawning age. High values of gonadic index observed in January and February next year could be evidence that M. balthica has started to spawn already in spring. In September a sharp decrease in gonadic index values was recorded, which pointed toward the beginning of a new gametogenetic cycle. Although the differences in reproduction cycle between the populations of M. balthica from shallow and deep-water sampling stations were not recorded, the data on M. trossulus gonadic index showed that blue mussel from the Gulf of Gdańsk spawned earlier at the shallow water station. The major peak of the gonadic index was noted in May and June at station S and in September at station GN. In spite of that, the pattern of reproductive cycle was similar at both sampling stations. After spawning, a sharp decrease in gonadic index and the beginning of a new gametogenetic cycle were observed. In both species the maturation stage of the gonads was significantly dependent on sex (Statistical analyses, Table 2 , Fig. 6 ).
Parasites
The analysis of Macoma balthica gametogenetic cycle revealed the presence of some parasites which belonged to Trematoda. They probably represent one species, Parvatrema affinis. The degree of infection with metacercariae of Parvatrema affinis let the researchers determine the sex and stage of gonadal maturity, although their partial degradation was visible. Since this study was not aimed at the investigation of Baltic clam infection by Trematoda, the number of analyzed individuals and the fact that microscopic examination was done only for the gonad tissue make this data unrepresentative to discuss the level of population infection. The degree of infection was low and comparable at both sampling stations. It was equal to 1.2 and 1.1% of all examined individuals at the shallow and the deep station, respectively. There exist some findings concerning Trematoda infection in Macoma balthica. Pekkarinen (1983) , for example, found a very high degree of Trematoda infection in Macoma baltica from the Baltic Sea, where almost all individuals examined at different periods of a year were infected by trematode metacercariae. The degree of infection seemed to be greater in summer and early autumn than in winter and spring, and no clear correlation between the condition of the hosts and degree of infection could be observed. Wenne and Klusek (1985) also address the parasite occurrence in Baltic clams from the Gulf of Gdańsk. According to Wenne and Klusek, the degree to which Macoma balthica individuals were infected by Parvatrema affinis was the lowest at the deeper station H (1.3%, n=713) and the highest at station GN (3.7%, n=750), where n is the number of examined individuals.
DISCUSSION
Salinity and temperature changes in the Baltic Sea
In the Baltic Sea we can observe the phenomenon of perturbations called the major Baltic inflows, which ventilate the deep water by occasional (occurring mainly in autumn-winter period, i.e. during the cooler half of the year) inflows of more saline and oxygenated waters from the North Sea (Lass and Matthäus 1996 , Gustafsson 2000 , Wołowicz et al. 2006 . That is undoubtedly the reason why a decrease in salinity at station H was noted mainly in winter. The Baltic Sea is characterized by thermohaline structure. This phenomenon, as well as the two-layer thermal structure of Baltic waters, means that during the winter an inverse cycle of water temperature occurs. The lowest temperature is noted in spring -May ; summer-June; autumn-September, October, Nov ember and winter-December, January , February ;  no effect; * P < 0.05, ** P < 0,001 the surface water layer and it increases slightly towards the bottom (Łomniewski et al. 1975 ). This pattern of temperature change was observed during the research period as well.
Sex ratio
The mortality effect in Mytilus trossulus was larger in females both at shallow and deep-water sampling stations. Macoma balthica individuals were predominantly males at the shallow station. The high mortality effect in females could be related to the energy cost of reproduction, which is believed to be higher in females than in males, given the large size of the egg relative to the sperm (Guderley 2004) . Bivalve eggs generally have greater lipid levels (with high energy content) in comparison with proteins and carbohydrates which suggests that females invest more energy in reproduction than males (Guderley 2004) . Mytilus trossulus individuals were predominantly males, especially in the deep-water area, which was in keeping with previous research (Wołowicz et al. 2006) .
Microgeographic differentiation in Baltic clams and blue mussel condition
Comparative studies of the ecophysiological features of Macoma balthica and Mytilus trossulus from two depth zones in the Gulf of Gdańsk revealed major differences in the weight index between the deep and shallow-water populations. In both species collected at the shallow and deeper sampling stations the condition index values varied with the seasons and were affected by gonadal maturity changes. The maximum values were observed in spring and summer, while lower values were noted in late autumn and winter. Much higher weight indices in the warm seasons probably resulted from better environmental conditions after phytoplankton spring bloom with chlorophyll a concentrations reaching around 8-10 μg dm -3 (Wasmund et al. 1998 , IMGW 2009 ). On the other hand, low CI values in winter can be a sign that a major biological effort has been expended to maintain the energy under unfavourable environmental conditions (low temperature), starvation (low food availability) or gametogenic quiescence phase (Lucas and Beninger 1985) .
Prolongation of the spring period of energy storage in the population from the deepest part of the Gulf of Gdańsk (station H) probably resulted from the delay in reaching deep water by phytoplankton spring bloom (Wenne and Styczyńska 1985) . Therefore, the condition index provides information about the physiological state of an organism and could be a useful indicator of stress or reproductive activity (Lucas and Beninger 1985) . M. balthica is a facultative filter and deposit feeder (Brafield and Newell 1961) . When food in the water column is absent, it feeds mainly at the sediment surface (Green et al. 1983 ); (Hummel 1985) . Feeding behaviour of both species depends on many factors, including the type of sediment on which they live. The best type of sediment for the Baltic clam is mud and small grain sand (Mulicki 1957) . The main components of its diet are suspended detritus, plankton and benthic algae, especially diatoms (Wenne 1993) . The contribution of Macoma balthica, since it is a species that prefers a muddy bottom, to Baltic bivalve biomass is lowest in the shallow-water zone and increases from 20 m downwards (Herra and Wiktor 1985) . At the sandy bottom M. balthica feeds mainly by filtration (Wenne 1993) whicht can result in lower values of weight index for the organisms from the shallow water station than from the deeper station H. Food availability at the shallow station can be limited by the presence of the other zoobenthic species which compete for the same food base, e.g. bivalves of the genus Cardium, Mytilus and Mya, and also the species feeding on benthic diatoms (Reise 1983) . The feeding behaviour of M. trossulus as a suspension feeder depends on the presence of particulate organic matter, including phytoplankton suspended in the water column, food quantity and quality. Unlike M. balthica, the value of the condition index for M. trossulus was higher in shallow-water populations, which was probably due to better (for this species) trophic conditions at station S. Water is one of the important components of bivalve flesh. Sometimes it can constitute eighty percent of their total body mass. During the period of our study (2002) (2003) (2004) ) the content of tissue water changed with the seasons and ranged from 75.5% to 85.7% for M. balthica and from 83% to 91% for M. trossulus. This data is comparable to the results obtained by Wenne and Styczyńska-Jurewicz (1985) and Pekkarinen (1983) . The changes of tissue water content in both species were related to the condition factor changes in an inversely proportional manner. When the clams and blue mussel individuals were in the best condition (summer-autumn season) the percentage of water in soft tissue was the lowest. Much higher water content during the winter could be linked to low temperature and the lack or reduction of a food base but also to gonad development; the water content highly decreases during spawning (Pekkarinen 1983) . The other aspect is a lower metabolism rate during the cold season which could result in hold-up of food absorption, reduction in locomotors activity and all vital processes. As a consequence, the condition of the organisms deteriorates, so the individuals try to compensate for the loss of organic components through the absorption of water (Lammens 1967) .
Spatial variation in gonad development and reproduction period
Many reports describe the reproductive cycles of Macoma balthica and Mytilus trossulus along European and American coasts (Caddy 1967) ; (Lammens 1967 , Pekkarinen 1983 . Wenne (1985) has investigated microgeographic differentiation of the Baltic clams' reproduction in the Gulf of Gdańsk. Blue mussel spawning cycles have been studied by Kautsky (1982) , Jurga (1994) and Wołowicz et al. (2006) . One of the exogenous factors most often cited as controlling reproduction, next to food, salinity and light, is temperature (Seed and Suchanek 1992) . The rise in water temperature in spring to above 10°C appears to trigger the spawning of M. balthica individuals (Günther et al. 1998 ) and optimum temperature for gametogenesis for the blue mussel is between 2°C and 15°C (Gosling 2003) . According to Wenne (1985) , M. balthica from the Gulf of Gdańsk reaches reproductive maturity at the end of winter and the main spawning period lasts from April till the end of May. Similar results (onset of spawning in Gulf of Gdańsk starting in March -early May) were obtained by Pekkarinen (1983) . These observations seem to fit our results. Wenne (1993) distinguished three depth zones in the Gulf of Gdańsk in which spawning proceeds in an independent way. In the shallowest zone (0-25 m) the course of spawning depends on the rate of surface water warming and is strongly connected with changes in air temperature. In the intermediate zone (at 25-35 m depth) spawning season is extended because of the longer persistence of low water temperature as compared to the other zones. Finally, in the deepest part (at about 70-75 m depth), an inverse cycle of temperature changes meant that actual thermal conditions at the surface did not influence the reproduction run (Wenne 1993) . The above-mentioned phenomenon was confirmed by the results of the blue mussel gametogenetic cycle run. The data showed that M. trossulus spawned earlier at the shallow water station than at the deeper one. The average water temperature over the research period at station GN was 2°C lower than at station S. Wenne (1995) also showed that the population from the deepest part of the Gulf of Gdańsk begins reproduction earlier than the shallowwater ones, which was mostly due to strong winter cooling of surface waters which persists until April. The studies performed by Jurga (1994) and Kautsky (1982) suggest one spawning period for blue mussel with a peak in June after rapid maturation during the spring phytoplankton bloom. These results corroborate our observations. Our research did not completely confirm the results for Macoma balthica observed in earlier studies. The differences between the runs of Baltic clam reproduction cycles at 10 m and 75 m depths were not observed, there were no statistically significant differences among temperatures at the sampling points (One way ANOVA, P>0.05), the pattern of gonadic maturity changes was similar and undoubtly correlated to factors like availability of nutrients and temperature changes.
